The climate influence of the land ice that existed 18,000 years before present (18K B.P.) is investigated by use of a general circulation model of the atmosphere coupled with a static mixed layer ocean. 
INTRODUCTION
The climate of an ice age has been the subject of many recent studies conducted by using mathematical models of climate. One can classify these studies into two categories. In the first category are studies aiming at the identification of physical mechanisms responsible for causing the transition between an interglacial and glacial climate. The second category includes studies exploring how the cold climate of an ice age is maintained under the influences of various physical factors. The present study belongs to the latter category. It is likely that the results from the studies of the second category will also provide valuable information for those of the first category.
It has been suggested that the temporal variation of the orbital parameters of the earth is responsible for causing ice age climates to develop [e.g., Milankovitch, 1941] , and the spectral analysis of paleoclimatic data from deep sea cores supports the speculation [Hays et al., 1976] . However, by the time the last glacial period had reached its peak at 18,000 years before present (18K B.P.) the orbital parameters were very similar to those at the present. (This is due to the ,-, 20,000-year period of the perihelion cycle and the present obliquity being near the average value in its 41,000-year cycle, which recurs every 20,500 years.) Thus it is reasonable to assume that, while temporal variation of the orbital parameters may have induced the start of the last glaciation, differences in the orbital parameters were not responsible for maintaining the ice age climate of 18K B.P. Other physical factors must have been responsible for maintaining the cold ice age climate.
The horizontal distributions of the primary variables are represented by a finite number of spherical harmonics. The model predicts the rate of change of the spectral components by computing the tendencies from the prognostic equations at all grid points and transforming them to the spectral domain as suggested by Orszag [1970] . The horizontal resolution of the spectral representation of a field depends upon the degree of truncation of spherical harmonic components. The present model adopts the "rhomboidal 15" wave number truncation, in which 15 associated Legendre functions are retained for each of 15 Fourier components with the lowest zonal wave numbers. Vertical derivatives appearing in the prognostic equations are computed by a centered, second-order finite difference with nine unevenly spaced levels.
The numerical time integration of the prognostic equations is conducted by a semiimplicit method in which the linear and nonlinear components of the rate of change of a variable are separated and time integrated implicitly and explicitly, respectively. To prevent the growth of fictitious computational solutions, time smoothing is applied at each time step [Robert, 1966] .
The dynamical component of the model described above was developed by Gordon and Stern [1974, 1982] and is very similar to spectral models developed by Bourke [1974] and Hoskins and Simmons [1975] . The performance of this spectral model of the atmospheric general circulation is described in detail by Manabe et al. [1979b] and Manabe and Hahn [19813. The distribution of incoming solar radiation at the top of the atmosphere is prescribed. Computation of the flux of solar radiation is performed in a manner similar to that described by Lacis and Hansen [1974] . For simplicity the diurnal variation is removed. Terrestrial radiation is computed by the method developed by Rodgers and Walshaw [1966] and modified by Stone and Manabe [1968] . The depletion of solar radiation and the transfer of terrestrial radiation is computed by taking into consideration the effects of water vapor, carbon dioxide, ozone, and cloud cover. The distribution of water vapor is determined from the prognostic equation for water vapor. The mixing ratio of carbon dioxide is assumed to be constant everywhere. Ozone is specified as a function of latitude, height, and season.
Cloud cover is prescribed to be zonally uniform and invariant with respect to season. The assumption of fixed cloud cover is made because a reliable parameterization of the cloud-radiation feedback process is not available at the present time. Nevertheless, in view of the dominant influence of cloud cover upon the distributions of radiative fluxes in the atmosphere, it is possible that the climatic influence of continental ice sheets is significantly modified by cloud variation. This is the subject of future investigation by use of a climate model in which the cloud-radiation feedback process is taken into consideration.
Precipitation is predicted whenever supersaturation occurs in the model. If precipitation occurs while the air temperature just above the surface is below freezing, snowfall is forecast; otherwise any precipitation is assumed to fall as rain. A moist convection adjustment scheme is used to represent moist convection processes. Further details of the prognostic system of water vapor are found in Manabe et al. [1965] .
Over the continents, surface temperatures are determined by the requirement that no heat be stored in the soil. The surface albedo, which is needed to determine the net solar flux at the ground, is prescribed geographically, based on a study by Posey and Clapp [1964] . However, these albedos are replaced by higher values wherever continental ice or snow cover are present. The albedo for continental ice is prescribed to be 70%. The albedo for snow cover is a function of latitude and show depth. Table 1 gives the albedo values for deep snow as a function of latitude. When the water equivalent of the snow depth is below 1 cm, it is assumed that the snow albedo decreases from the values in Table 1 to the albedo of the underlying surface as a square root function of snow depth. A change in snow depth is predicted as the net contribution from snowfall, sublimation, and snowmelt, with the latter two determined from the surface heat budget.
The groundwater budget is computed by the "bucket method." The soil is assumed to have a water-holding capacity of 15 cm. If the computed soil moisture exceeds this amount, the excess is assumed to be runoff. Changes in soil moisture are computed from the rates of rainfall, evaporation, snowmelt, and runoff. Evaporation from the soil is determined as a function of soil moisture and the potential evaporation rate (i.e., the hypothetical evaporation rate from a completely wet soil). Further details of the hydrologic computations can be found in Manabe [1969] . The oceanic mixed-layer model consists of a vertically isothermal layer of water with a uniform depth of 68.5 m. This thickness was chosen to yield approximately the observed seasonal amplitude of sea surface temperature (SST). This model takes into consideration the large heat capacity of the oceanic mixed layer but neglects the effects of horizontal heat transport by ocean currents and of the heat exchange between the mixed layer and the deeper parts of the ocean.
Over ice-free regions the rate of change of the mixed-layer temperature with time is computed from the net contribution of the solar and terrestrial radiation fluxes and the sensible and latent heat fluxes at the ocean surface. In the presence of sea ice the mixed-layer temperature is fixed at the freezing point of seawater (-2øC), and the heat conduction through the ice is balanced by the latent heat of freezing (melting) at the bottom of the ice layer. This process together with melting at the ice surface, sublimation, and snowfall determines the change in ice thickness [Bryan, 1969] . For the computation of net solar radiation at the oceanic surface, albedo is prescribed as a function of latitude. Over regions covered by sea ice, higher surface albedo values are prescribed as a function of latitude and ice thickness. Table 1 gives the albedo values for thick sea ice as a function of latitude. The formation of meltwater puddles is parameterized by lowering the surface albedo to 45% when the surface temperature reaches the melting point. When the ice thickness is less than 0.5 m, the albedo is further reduced from the values in Table 1 I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I   STANDARD   ICE SHEET   I  I  I  i  I  I  I  I  i  I  I  I  I  I experiments is prescribed to be 150 m. Orbital parameters in both experiments are set at modern values. This is a reasonable simplification, since the set of orbital parameters at 18K B.P. is not very different from the modern set, as noted in section 1. Thus the distribution of insolation at the top of the atmosphere with latitude and season is the same in both experiments. The same distribution of surface albedo of snow-and ice-free areas is used for both experiments. The albedo of continental ice is the same in both experiments, and the treatment of snow cover and sea ice is the same, as described in section 2.
3b. Numerical Time Integration
The initial condition for both time integrations is an isothermal and dry atmosphere at rest coupled with an isothermal mixed-layer ocean. The initial temperature is chosen to be 280øK. The temporal variations of global mean (water) temperature of the mixed-layer ocean from the two experiments are shown in In the northern hemisphere the belt of the largest SST difference produced by the model is located to the south of the corresponding belt in the CLIMAP results. This is the case for both February and August. As pointed out earlier in the discussIon of the geographical distribution of SST difference between the ice sheet and standard experiments, the belt of the largest difference is located near the winter sea ice margin in the ice sheet experiment. Since the northern hemisphere SST as simulated by the model is colder than the observed temperature as pointed out in section 3, the simulated sea ice margin is placed equatorward of its observed position. This explains why the belt of the largest temperature difference is placed equatorward of the belt of maximum difference between 18K B.P. and present SST as estimated by CLIMAP.
These discussions are substantiated by Figure 9 , in which zonally averaged northern hemisphere SST differences are plotted against the sea surface temperature of the standard experiment rather than latitude. In this figure the largest SST is responsible for the formation of thick sea ice which, in turn, reduces the heat exchange between the sea water and the overlying air and prevents the warming of the air mass. This self-sustaining mechanism will be discussed further in the following subsection.
4c. Surface Air Temperature
The geographical distribution of the difference in the surface air temperature between the ice sheet and standard experiments is illustrated in Figure 13 for the December-JanuaryFebruary (DJF) and June-July-August (JJA) seasons. (Computed "surface air temperature" is the temperature at the lowest finite-difference level of the model, which is located • 70 m above the earth's surface.) Since the response of the surface air temperature is different for oceanic and continental areas, it is discussed separately for oceans and continents.
Oceans. During the DJF season, one notes the belt of large negative surface air temperature difference over the North Atlantic Ocean at about 50øN, with a magnitude of more than 30øC over the Labrador Sea. A similar belt of large negative surface air temperature difference is also present in the western North Pacific at approximately the same latitude but of less magnitude than its Atlantic counterpart. As discussed in the preceding subsection, an extremely cold surface air mass is developed over the northern periphery of the North American Figure 18 indicates that the difference in the northward transport of moist static energy between the two experiments is small and is found primarily north of 15øS. In middle latitudes of the northern hemisphere of the model the increased northward transport of dry static energy in the ice sheet experiment is counterbalanced by the decrease in the latent energy transport. The difference in the poleward transport of dry static energy is largely attributable to the increase in eddy heat transport in the ice sheet experiment caused by the increased meridional temperature gradient. On the other hand the colder temperature of the ice sheet experiment is responsible for a lower atmospheric moisture content and, accordingly, the reduction of the poleward transport of latent heat.
In the tropical region of the model the increase in the northward transport of dry static energy in the ice sheet experiment is partly compensated by the decrease in the transport of latent heat of approximately the same magnitude. These opposing changes are caused by the change in intensity of the cross-equatorial Hadley circulation. As a result the net contribution of these differences to the overall difference in the northward transport of moist static energy turns out to be small, particularly in the model tropics. Therefore the southern hemisphere temperature of the atmosphere-mixed layer ocean model is hardly affected by the inclusion of the 18K B.P. ice sheets as described previously.
The results of this subsection suggest that it is necessary to look for mechanisms other than interhemispheric exchange of heat in the atmosphere in order to explain the low temperature of the southern hemisphere during the 18K B.P. ice age [Neftel et al., 1982] . Some of these mechanisms may include a change in the interhemispheric heat transport by ocean currents and the fluctuation of the atmospheric concentration of carbon dioxide. These possibilities are discussed in the concluding section of this paper.
It has been noted that a spectral model with a relatively low resolution such as the present model produces a Hadley cell which is weaker than the observed. Thus the ice-sheet-induced change in the intensity of the cross-equatorial heat transport may be underestimated in the present study. It is therefore desirable to repeat a similar set of experiments by use of a model with higher spectral resolution. However, it is not likely that an improved simulation of the equatorial Hadley cell could have a substantial impact upon the sensitivity of southern hemisphere temperature to continental ice sheets. In view of the smallness of the ice-sheet-induced change in crossequatorial heat transport resulting from the compensation between the transport of dry static energy and latent heat discussed earlier, it is expected that the ice-sheet-induced change in the cross-equatorial transport of moist static energy would remain small despite an increase in the computational resolution of the model.
4e. Ice Budget
Although the mass budget of ice sheets in the ice sheet experiment is analyzed in this subsection, it should be noted that ice sheet topography is fixed throughout the course of the numerical time integration. Nevertheless, various components of the ice budget at the ice surface are computed for the present analysis.
The mass budget of a continental ice sheet can be determined by area averaging the positive contribution due to accumulation and the negative contribution due to ablation. In evaluating the mass budgets of the North American and Eurasian ice sheets for the ice sheet experiment, the accumulation is taken to be equal to the snowfall, while the ablation processes considered are sublimation from the ice surface and surface melt. In this ice budget analysis it is assumed that all meltwater runs off without refreezing. Table 2 Inferences of past climates from modern loess deposits assume that a dry (or at least seasonally dry) climate is necessary for the transportation and deposition of loess material by the wind. If the glacial origin and eolian deposition of loess are accepted, the loess deposits suggest that a climate that was at least seasonally dry occurred near the time of the last glacial maximum. Our current results, which indicate regions of reduced soil moisture to the south of the Eurasian and North American ice sheets, are not inconsistent with these paleoclimatic inferences.
To investigate the mechanisms responsible for these dry zones, soil moisture budgets are computed for the two regions outlined in Figure 23 . The region south of the North American ice sheet will be called the "Great Plains region," while the region south of the Eurasian ice sheet will be called the "Trans-Urals region." The seasonal variation of monthly mean soil moisture for both the ice sheet and standard experiments along with the difference in monthly mean precipitation and evaporation (including sublimation) between the two experiments are shown for each of these regions in Figure 25 . In both regions the reduction of precipitation in the ice sheet experiment is larger than the corresponding reduction in evaporation for nearly all months of the year.
As a consequence an ice-sheet-induced reduction of soil moisture occurs throughout most of the year. An exception occurs in June for the Great Plains region, where little difference in soil moisture exists between the two experiments. For the Trans-Urals region, June is also the time of the smallest soil moisture difference. According to an analysis of the soil moisture budget, this occurs as the spring snowmelt common to both the ice sheet and standard experiments replenishes the soil moisture and reduces the difference between the two experiments. During summer, the soil in the ice sheet experiment is drier than the soil in the standard experiment because the ice-sheet-induced reduction of precipitation is greater than that of evaporation. The differences in soil moisture over both the Great Plains and Trans-Urals regions are maintained throughout autumn and winter seasons when the moisture storage in snow-covered soil hardly changes with time.
To explore the mechanisms responsible for inducing the summer dryness over these two regions in the ice sheet experiment, Figure 26 illustrates the geographical distributions of the differences in the rates of both precipitation and evaporation (including sublimation) during summer between the two experiments. According to this figure, the rate of precipitation in the ice sheet experiment is less than the rate in the standard experiment in both the Great Plains and Trans-Urals regions. These reductions in precipitation rate are much larger than the area mean reduction of 0.035 cm d-x over the Northern Hemisphere continents. While a reduction in evaporation rate also occurs in both regions, it is not as large as the decrease in precipitation rate.
In contrast, Figure 26 indicates a major decrease in evapo- sheets where the reduction in evaporation is very large and (2) relatively isolated from oceanic moisture sources and regions of oceanic cyclogenesis.
Another factor contributing to the dryness of the TransUrals region also occurs primarily in summer. As pointed out earlier, it is during the summer season that the reduction in precipitation is largest and the large reduction in soil moisture begins to develop (see Figure 25) . Thus, although a year-round decrease in precipitation occurs, the summer reduction is quite important. Figure 27 shows the geographical distribution of precipitation in the vicinity of the Eurasian ice sheet for both the ice sheet and standard experiments. Quite prominent in both experiments is a precipitation belt located in the subarctic between 60 ø and 75øN. A pronounced northward shift in the location of this precipitation maximum is observed in the ice sheet experiment. In comparing the position of the precipitation belt to the location of the Eurasian ice sheet, it is evident that its position in the ice sheet experiment corresponds closely to the southern ice margin. This suggests that the shift may be due to enhanced baroclinicity resulting from the large contrast in surface temperature across the ice sheet edge. The existence of a mid-tropospheric jet stream which shifts northward to a location very near the ice edge is consistent with this hypothesis. Snowfall. Since snowfall is one of the key components of the mass budget of an ice sheet, the influence of continental ice sheets on the distribution of snowfall will be briefly discussed. Figure 28 contains the annual mean snowfall rate for the ice sheet experiment. Particularly intense snowfall is present in a belt extending from the southeastern portion of the North American ice sheet to the southwestern portion of the Eurasian ice sheet at 45ø-50øN. This is in marked contrast with the snowfall distribution from the standard experiment (not shown), which features a less intense belt of maximum snowfall at 60øN, with isolated areas of heavier snowfall in elevated regions such as the Tibetan Plateau. One of the factors responsible for the intense snowfall in the ice sheet experiment is indicated in Figure 29 , which illustrates the difference in precipitation rate between the ice sheet and standard experiments. According to this figure, the precipitation rate increases markedly near the southern boundary of the North American ice sheet and is responsible for the heavy snowfall described above. This increase occurs despite an overall ice-sheetinduced reduction of 18% in the area mean rate of precipitation over the northern hemisphere.
As discussed 
